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SUMMARY

Supersonic flow against blunt bodies placed in boundary layers or
wakes is discussed qualitatively, and it is concluded that wedge-shaped
or conical dead-air regions should form ahead of the body if part of
the upstrem velocity profile is subsonic and if the body is fatily
thick relative to the initial boundary layer or wake thickness. ‘Quan-
titative analysis of this type of flow indicates, however, that for
each free-stresm Mach nmiberj there is also a maximum relative body
thickness beyond which wedge-type or conical-type separation regions
cannot occur. This maximum relative body thickness is large for high

. Mach numbers but approaches zero for a Mach number of 1. .—
.-

For the intermediate range of body thicknesses, an analysis of the4
two-dimensional flow against blunt bodies mounted on a flat plate
agreed quantitatively with experimental results in the Mach mmher range
of 1.73 to 2.02. As the body thickness approached the maxhum theoreti-
cally possible f’orwedge-t~e se~sration, unsteady flow was observed.
For bodies of the same order of thickness as the ititial boundary
layer, experimental pressures near the leading edge of the bodies ..—

remained higher than those predicted for wedge-type separation.

INI!RODUCTION

When a blunt body is placed in a uniform supersonic stream, a
detached shock wave forms ahead of it. This detached shock is normal
in front of the body and decays gradually into a Mach wave at lsrge
distances from the body. If, however, the blunt body is placed in a
region of nearly constant static pressure} but nonuniform stagnation
pressure, such as a boundary layer or a wake, it becomes impossible to
satisfy certain flow requirements unless the form of the shock is
altered. Consider, for exsmple, the sketch in figure l(a) of a blunt
body in a completely supersonic wake. If the static pressure “aheadof

. the shock is assumed to be constant and the velocity gradient to be as
indicated, the pressure behind a normal shock at the stagnation stream-
line would be less than the pressure behind the shock in the free stream.

d
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With the dashed shock form shown, there would consequentlybe a posi-
tive pressure gradient toward the center line and a convergent flow
behind the shock, which is an impossible situation. In any real flow,
the pressure gradient normal to the stagnation streamline on the axis
of symmetry must be zero or negative. Since the Mach number at the axis
is lower than in the free stream, no shock will produce pressures at the
axis as high as those behind the shock outside the shear layer as long
as the stagnation point remains on the body. The required high pres-
sure near the vertex of the shock can be attained only if the stagna-
tion point moves upstream; hence a dead-air region will form (fig. l(a))
which effectively changes the nose of the body to a form compatible
with the flow requirements.

When the velocity near the axis is subsonic, as in a boundary
layer, the high pressures in the dead-air region can feed upstream and
mo&Lfy the flow outside the boundary layer or wake until some sort of
equilibrium is established. If the body is fairly thick relative to
the shear layer, the dead-air region can become large relative to the
thickness of the shear region. If the circulatory motions in this
region are negligible,the boundsz’yof the dead-air region must be a
constant-pressure surface. Hence, the form of the dead-air region out-
side the boundary layer or wake should be that of a wedge for two-
dhnensional flow and a cone for axially symmetric flow (fig. l(b)).

As the body thickness is increased indefinitely, it seems reason-
able that a configuration different from that shown in figure l(b) wild
occur. When the shear layer beccmes insignificantlythin relative to
the body, the detached-shock configuration encountered in uniform
supersonic stresms should reappear.

The purpose of the present paper is to investigate the nature of
the equilibrium that determines the size of a wedge-type or cone-type
separation region and the limits beyond which this type of separation
cannot exist. For two-dimensional flow against blunt bodies mounted
on a flat plate, theoretical predictions are compared with e~ertiental
results. This investigationwas conducted at the NACA Lewis laboratory.

ANALYSIS

The initial analysis will be concerned
dimensional bodies mounted on a flat plate.
defined in appentix A.

tith
The

the flow against two-
synibolsused are

The analysis is based on the simplifiedpicture of the separation
phenomenon shown in figure 2. The curvature of the shock resulting from
boundary-layer - shock-wave interaction is neglected, and the shock is
assumed to remain straight and of constant intensity from the edge of
the boundary layer to the point where the line perpendicular to the

.
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● dead-air boundary from the corner of the body intersects the shock.
The dead-air region is assumed bounded~ a straight line inclined at
the angle ~ to the flat plate and to have a constant pressure pl

equal to the pressure behind the oblique shock. These assumptions
should be approximateel.yvalid if the initial boundary-layer thickness

50 is small compared.with the obstacle thickness b and M the circu-
latory motions in the dead-a% region are negligibly small.

The continuity equation for the configuration in figure 2 is

which

Since

J
50

J%Pouo(Yo-~o) + Pu w= P&JY1-aJ + pu ds

o 0

can be converted to

Pouo(Yo-~o*) = Pl~(Y1-al*)

there is no friction
momentum equation reads:

(P1-PO)YO + P1U12

r%

force along the dead-air region, the

Cos h (yl-5J - POU02(Y0-50) +

r80

(1)

J Jpuz COSA ds- @J%y= o

0 0

which, when combined with equation (1), can be convertedto

( ‘h )PI-PO P1U12 COSA
Yo l-~cosk-— =e-

P&# 0
Po~2

%+(.-+y;

(2)

where fi30and 01 sre the

end of the dead-air regionj

~-~

momentum thicknesses ahead of and at the

respectively. I!Yomoblique shock relations,
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so that equation (2) becomes

.

“

where

PO%”
J?(J %“

and

The parameters PI, Q, and A me related.by

1 p Cotq~1
tanh= ~

Hence equation (3) determines
detachment angle, or pressure

known. Precise determination

the equilibrium
in the dead-air

the equation

values of shock angle,
region if el/eo is

(3)

Of e. depends on a knowledge af the

profile between the dead-air region’and the outer stresm in the region
‘&wnstreem of the shock wave. Since this knowledge is not presently
available it will be of interest to see if a valid hypothesis concern-
ing the magnitude of 01/00 canbe made.

The sketch of figure 2 suggests that a good estimation of 91

might be obtainedby assuming that the increase of 0 between
station O and 1 due to mixing is proportional to the increase that
would be e~ected if a solid wedge with angle ~ replaced the dead-air
region. With this assumption, the value of 01 becomes

where c is a factor of proportionaltiy.

%-x

h

—
●
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When an average shear stress is used for the wedge, this equation
. becomes

6Tl, av b
‘1

.OO=
2=

Pl~

With the assumption that the average shear stress
wedge differs 13.ttlefrom the shear stress on the flat
ahead of the wedge, equation (4) becomes

Po~2 b
‘1

-00=
@o’ ‘m

P1U12

because

To ode= =X=z=eo’
Po~2

.

Resx’rangauentd of the terms yields

‘1
—=1+
‘o

Equating the values of el/eo

1-1-
POU02

P1U12

(4)

on the replacing
plate immediately

from equations (3) and (5) yields

Ceo’

‘o
& a

or

(5)

(6)

.
Now, both for turbulent and for laminsr flows along flat plates,

formulas exist for the skin friction in the form
#
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h

(7)

where q is 2 for lsmim flow and approximately 7 for turbulent flow.
Integration of equation (7) yields

J
z

e. - 0’ dx--& Z k(@ RZ-l/q

o

Hence,

and is independent of Mach nlmiberand Reynolds number to the extent
that q is independent of these parameters.

or

Equation (6) now becomes

b-a T tan ~
L

()

#l+T

n

(8)

(9)

(lo)

since

z=L- b ctn h

When c is specified, equation (10) gives the theoretical vari-
ation of ~, A, or P1 as a function of the thickness of the obstacle
if the boundary layer ahead of the sepsrated region is either completely
turbulent or completely leminsr. It appesrs reasonable that, for
lsminar boundary layer, the effective sheer over the wedge should
neverthelessbe assumed equal to that of a turbulent boundary layer}
inasmuch as the mixing region is probably turbulent regardless of the

—
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state of the initial boundary layer. This modification is discussed in
* appendix B, where it is shown that the variation of b/L with h can

be-calculated qutte simply for this
purely lsminsr flow. Modifications
psrtly laminar and partly turbulent

For turbulent boundsry layers,

tion (10) have been calculated as a

various power profiles of the form

case from the values obtained for
required when the boundary layer is
are discussed in appendix C.

values of ~ reqtied in equa-

function of m in reference 1 for
~ l/N “

()%=5” For laminsr boundary

layas, k can be obtained from the profiles derived in ref=ence 2.
For
the

N.

the c~se of zero temperature gra~ent and a Prandtl nuniberof 0.72 --”
equations of reference 2 yield

1.73 -I-l.11(~
h=

-1)M2
0.664

Values of h as a function of M, obtained

(u)

from reference 1 for
7 and from equation (n) we plotted in figure 3. With these

.
vsd.ues,the variation of ~ and ~ with b/L for turbulent and lsminar
boundary layers was computed for several Mach nwribersfor c = 1.0. The
results sre plotted.in figure 4.1 It will be noticed from this figure*
(particularly from fig. 4(b)) that, for each value of ~, a maximum

value of b/L is obtained beyond which the present ans&is yields no
solution. This maximmm value occurs when the boundsry-layer separation
angle reaches the maximum flow-deflection a~le for an attached oblique
shock wave. For Mach nunibersclose to 1, wedge-type separation appears
to be possible only for small values of b/L. For such small values of
b/L, however, the effects of the boundsry-layer shock-wave interaction
become important. Hence, the present analysis is probably of int~est
prharily for high Mach nunibers,where wedge-type separation is pos-
sible for fairly large values of b/L.

For values of b/L greater than the maximum value possible for
wedge-type separation, it was expected that one of two possible con-
figurations might occur: (1) A configuration similar to figure l(a)
might form ahead of the obstacle; or (2) the separation wedge might

%he effect of using other values of C, as can beseen from equation (10),
would be to shift the curves of figure 4 toward Wger values of b/L for
G < 1 and to smaller values of b/L for G>l. No eskbnate of the mag-

9 nitude of & can yet be made from theoretical considerations, although it
appears likely that the momentum change along a free surface should be
less than along a solid surface. However, details of the shock - boun&ry-

& layer interaction may hvalidate this expectation.
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extend to the leading edge of the plate. Actually, as till be shown
later, neither of these configurationswas observed.

h
Instead, the flow

became unsteady even before the maximum analytical value of b/L W~S

reached.

For lsrge values of l%, the present analysis yields negative

values of b/L for weak shock waves. These negative values probably
indicate again that details of the shock - boundary-layer interaction
cannot be neglected when b is of the order of the thickness of the
boundery layer. It will be noticed from equation (4) that--thevalues
of Q or ~ obtained at b = O are those which would result if el
were assumed equal to ‘o“ With such an assumption there would be no
variation’ofseparation angle with body thickness, and separation
angles other than zero would be obtained only at high Ma-chnunibers. –

APPARATUS AND PROCEDURE

A preliminary experiment to check analytical results was conducted
in the NACA Lewis 18- by 18-inch tunnel, wherein a series ofLbars of
rectangular cross section were mounted on a flat plate with a span of
16 inches. The angle of attack of the flat plate was variable such
that a range of free-stresm Mach numbers from 1.735 to 2.03 was obtain-
able. The Reynolds number per foot at a Mach nuuiberof 1.9 was
3.24JU_06.

m

.

For most tests, transition of the boundary layer was artificially
induced by placing a l/4-inch strip of Carborundum dust across the
plate, 3/4-inch from the leading edge. This strip was removed for some
of the tests to check the effect of changing the initial velocity
profile.

The

from the
the rods
however,

flat-faced rods were mounted with their leading edges ~ inches

leading edge of the plate. For values of b up to 3/4’inch,
extended over the full span of the plate. For thicker rods,
choking of the tunnel occurred with full-span rods. some of

these rods were therefore reduced in length to obtain data for the

larger values of b/L. The 1~-inch thick rod, which was the thickest

for which steady flow was obtained, had to be reduced to a span of
6 Inches to avoid choking.thetunnel. me effect of such reduction in
span is shown in figure 5 for b = 0.5 inch. If it is assumed that the
extent to which the flow is two-dimensional depends chiefly on the .

span-thicknessratio of the body, the results plotted in figure 5

indicate that for 1$-inch rod (span-thicknessratio = 4.8] the boundary- *

layer detachment angle was reduced about 1: below that which would have

been obtained for a more nearly two-dimensionalbody.
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The vsriation of e. with Z along the flat plate with artificial

transition was obtained at Mach number 1.88 in a previous investigation
and is shown in figure 6(a).
empirical formula

For comparison, a c&ve representedby the

k(l@ZRZ-1/7

is also shown where k(~) was taken equal to 0.0104. This value of

k(~) was obtained from the equations of reference 1 for a Mach numkr

of 1.88. The empirical curve is somewhat higher than the e~er-ntal
values probably because transition was induced artificially 3-/4inch
from the leading edge. The boundary-layer thickness, according to
reference 1, is about 12 times the momentum thickness at a Mach nuuiber
of 1.9. In figure 6(b), values of 00‘/00 obtained from the experi-

mental data and from equation (8) are plotted. The good agreement
indicates that little error in the variation of b/L with seu~ation
angle should result from the use
boundary-layer surveys were made

COMPARISON OF

of empirical friction formulas. No
with natural transition on the plate.

THEORY AND EXPERIMENT

Schlieren photographs of the flow past the rectangular rods are
shown in figure 7. The waves arising from the transition strip (which
can be seen in most of the photographs) did not affect the determi-
nation of the Mach nuniberupstreem of the separation wedges since this
Mach number was calculated using the static pressure measured by an
orifice located l/2-inch downstream of the transition strip. Another
weak wave, about two-thirds of the distance from the leading edge of
the plate to the model, resulted from a joint in the plate. As nearly
as cotid be measured, this wave was inclined at the Mach anglej its
effect on the flow was therefore considered negligible.

For small values of b/L, a steady flow pattern was obtained

(figs. 7(a) to 7(c)). For values of b greater than 1$ inches, how-

ever, unsteady flow of the type sh,ownin figure 7(d) was obtained. For
such flows the shock angle could not be measured, but a mean shock angle
could be calculated from the pressure measurements in the sepsrated
region. For the steady configurations,the upstre&n edge of the waves
that originate near the point of separation is curved in the vicinity of
the boundary layer but becomes straight farther away from the plate.
The initial curved portion results from boundsry-layer interaction at
the root of the shock wave, which was ignored in the analysis. In
analyzing the data, the angle of tbstraight portion of the shock wave
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was measured and compared with the shock angle calculated from the
pressure in the dead-air region. The accuracy of the measured shock
angle was low, how~ver, because of the thickness of the trace; hence,
the values of ~ calculated from the pressure measurements were used
for comparison of experiment with theory..

Turbulent Boundary Layer.,

The analytical and experhnental variations of Cp with b/L sre
compared in figtie 8(a). The value of c was taken equal to 1 for the
analytical c’urves. Shown in figure 8(a) are all points obtalnedtith

7
the transition strip in place and with the models located ~-inches from

the leading edge of the plate. The experimental points shm in Wk
ure 8(a) are not directly comparable with the theoretical curves because
of the effect of reduced span-thicknessratio at lsrge values of b/L.
In order to provide more nesmly comparable data, all values of ~
obtained with span-thicknessratios less than !32were corrected by an
increment equal to the difference given in figure 5 between the value
obtained at the actual span-thicknessratio and the value obtained for
a span-thicknessratio of 32. These corrected values of Q are compared
with the theoretical values in figure 8(b). The quantitative agreement
between the experilnentaland the theoretical values of ~ is quite
good for values of b/L between 0.050 and 0.125.

Unsteady flow appeared for values of b/L greater than 0.15,
which is considerably below the maximum values predicted by theory.
This unsteadiness may result from the fact that two configurationsare
possible for lsrge b; a modified bow wave could form or the separation
could extend to the leading edge of the plate. The effective shock
angles, computed from the measured mean pressure in the dead-air space,
seem to increase rapidly just before the flow becomes oscillatory, as
if a detached bow wave were forming, and then to drop to values that
are lower than some of those obtained with steady flow. The shock angles
that wouldbe expected if the flow were separtiing at the leading edge

of the plate (~ = tan-1 b/L) are shown for comparison and the mean pres-
sures appeti to be of the order of magnitude corresponding to such
separation. However, no definite conclusions canbe drawn from these
data since the nature of the unsteadiness of the flow is unknown, and
hence the nature of the mean pressure cannot be established.

For values of b/L less than 0.075 (b/b less than about 6),
experimental values of Q remain higher than the theoretical values
although they, too, should be equal to the Mach angle for b/L= 0.2

2The small angle due to the rate o&increase of displacement thickness
along the plate should be continuous for b = O and cons~quent~ should
result in no finite disturbances.

.

h
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The discrepancy between theory and experiment for low values of b/L
is believed to result from the fact that the effect of the region of
interaction of the boundary layer with the shock wave, which was
neglected in the theory, becomes important as b approaches the thick-
ness of the boundary layer (compare figs.7(a) and 7(c)). The fact that
experimental values remain higher than theoretical values for small
b/L may indicate that the rate of change of momentum thickness in the
region of shock - boundary-layer interaction is great= than along a
solid surface.

EPfect of Changes in 8hear Profile

Shown b figure 9 are the values of ~ obtained at ~ = 1.84 when

the models were moved to ~inches from the leading edge with thetransi-

tion strip still in place and the values of ~ obtained for L .% inches

with the transition strip renwved. These values sre compared with various
theoretical curves and with the e~erimental points from figure 8 far L =

~ inches with artificial transition. The span-thickness ratios are
shown for each data point to provide a valid basis for compsrtson of the
effects of changes in the initial boundsry layer.

Contrsry to expectations, removal of the transition strip increased
the stren@h of the shock for each value of b/L. This stren@sh increase
may indicate that separation originated in a region of transition rather
than in the lsminsr region.3 In such transition regions, O.’ is con-

siderably greater than in either lsminar or turbulent regions, so that
the average shear stress over the dead-air region should be higher, and
consequently the shock should be stronger, than for completely ladnsr

or turbulent flow. & inches fromWhen the l/2-inchmodel was placed ~

the leading edge, on the other hand, the values of ~ f&? comparable

span-thickness ratios are lower than for L = ~ inches. For

L = ~ inches, the separation region started only about 3 inches from

the leading edge of the plate, so that the 3/4-inch region of lsminar
flow ahead of the transition strip could have a more pronounced

influence on the separation angle than for L = ~ inches. The thee-

retical curve for transition 3/4-inch from the leadlng edge, which was
calculated from the equations in appendix C, agrees very well with the

‘It seems probable that the separation itself introduces premature trans-
ition in the upstremn Hnsr layer, so that separation angles corres-
ponding to lsminar flow ahead of the separation point my be observed
experimentally only for quite low Reynolds nwribers.
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experimental point obtained with the lsrgest span-thicknessratio.
This point, as indicated in figure 5, is probably close to the true .

two-dimensional value. Theoretical curves resulting from the assumption
of laminar flow on the plate and turbulent shesr on the replacement
wedge (appendix B) were calculated for comparison and indicate that, at
the Reynolds number of the present tests, the nature of the boundary
layer ahead of the separation is more significant than the magnitude of
the assumed rate of increase of momentum thickness along the dead-air
boundary. In view of the doubt whether separation of the type considered N

P
herein can occur without inducing transition ahead of the separation, m

M
these curves are probably only of academic interest.

DISCUSSION AND EXTENSION

Flow Patterns for Various Body-ThicknessRatios

On the basis of the experimental or analytical results presented In
previous sections, it appesrs that the flow patterns obtained for a blunt
body mounted on a flat plate with a supersonic free stream can be divided
roughly into four types. These types are illustrated in figure 10 for a .
Mach number of approximately 1.9.

Type 1 (fig. 10(a)). - When the body is of the ssme order of thl.ck- v
ness as the initial boundary layer, the shock - boundary-lajwr interaction
is of primary importance and the analysis of the present paper is
inapplicable. Data near a Mach number of 1.8 indicate that the body
should be greater than about 5 times the boundary-layer thickness before
agreaent with the analysis is to be e~ected.

Type 2 (fig. 10(b)). - For a certain range of body thicknesses, the
magnitude of which depends greatly on the free-stream Mach number, details
of the shock - boundary-l~er interaction become unimportant, and the
analysis of this paper is applicable. The assuqtion that e = 1 appesrs _.
to yield satisfactory agreement with experimental results in this flow
region for the Mach number range investigated. For low supersonic Mach
numbers, this type of flow may not appear at all.

Type 3 (fig. 1O(C)). - As the body thickness approaches the maximum
value for which the pattern of type 2 can exist, the flow becomes
unsteady and the shock pattern appears to oscillate between a modlfled
bow wave and the straight shock correspondingto separation from the
leading edge of the plate. The sketch of figure 1O(C) shows how the mean
pressure in the dead-air region can become less than that corresponding
to separation from the leading edge in this unsteady-flow region. 9

Type 4 (fig. 10(d)). - As the body thickness is increased further,
the angle corresponding to separation at the leading edge approaches the b
maximum for which an attached shock is possible and a configuration
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stilar to that shown in figure 10(d) should
. projection due to the presence of the plate,

region should be calculableby the method of
does not etiend beyond the foremost point of

13

swear. Except for the
the shock location in this
reference 3. If the plate
the detached shock corre-

sponding to uniform flow, as calculated approximately by the method Of

reference 3, the presence of the plate should have negligible effect on
the shock form, and the conventional bow wave, normal at the foremost
point, should reappear. Whether the intermediate stage shown in fig-

! ure 10(d) is stable randns to be established.
:

Axially Symnetric Flows
.

Discussion. - An extension of the method, whose completion awaits
more knowledge of shear profiles, is the computation of the effective
increases in fineness ratio and decreases in drag that can be realized
by providing an ititial boundary layer or wake ahead of a blunt-nosed
axially symmetric body. Such a boundary layer or wake can be provided
by extending a thin rod ahead of the nose (fig. 11) or by suspending a
small body upstresm of the nose to provide”

. nose of small weight can in this manner be
in the event that such a body is desirable
space.

*

The use of dead-air regions to reduce
been suggested before, but no analysis was
in the selection of a method for producing

a wake.- An effective conical
provided for a blunt body,
for better utilization of

the drag of blunt bodies has
available to serve as a guide
this dead-air region. The

method shown in figure 11 seems the s@lest and is smenable to analysis
when the required friction data become available.

For this configuration, the cone angle and consequently the pres-
sure drag can theoretically be reduced to as small a value as desired
by increasing the thiclnlessof the boundary lay= or wake relative to
the nose size. If the trend of the data for two-dimensional bodies
occurs also for axially symnetric bodies, however, the rods required
may become excessivelylong before pressure coefficients approaching zero
can be realized (see fig. 8). l?urth~re, as the ratio of the boundary
layer or wake thiclmess to the nose radius increases, there is expected
to be an increase in friction drag almost corresponding to that which
wul.d be obtained by replacing the projecting rod with separation cone
by a solid cone. The optimum fineness ratio for the blunt body plus
separation cone should therefore be almost the same as the optimum
fineness ratio for a pointed-nose”body. Although the length of rod
required to yield a given fineness ratio cannot as yet be evaluated

* theoretically, the following anslysis prtides an indication of the
chief parameters needed to solve the problem in the range of body

+ thicknesses for which the flow is steady and the boundary hyer is not
too thick relative to the body.

.
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Allaysi’s. - By an analysis for axially symmetric flow
that used to obtain equation (3) for two-dimensional flow,
for the case shown in figure 12 is found to be

’12 ~
7=
‘o

%

pcucz

c
Cos Ac

P&02

e:=zfl~= ( )

a+80

—1
Pouo

-~Y@Y
‘o

,:=2JW51:’ ( )

c

lU
y dy

z -~cos~

.,2=2.~’o~;; —Ym

rb.mlCos AC ,
\

XACA IN 2418 .

Similar to *
the equation

(12)

where
●

J51*2ra2rc

b u1 pu Yay-—
pouo Cos I%c

and where subscript c refers to surface values
separation cone half angle AC.

correspondingto the

On the ass~tion that e, and Glfiare related approximately as
they would be If a s;lid cone $eplaced %he separation cone, another
equation for 012/00 can be derived and equated to the value of

equation (12) to determine the cone separation angle..

●

✎
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. If TC

replaces the

is the average shear force per unit area on the cone that

dead-air region,

~12
T= Ac

T
=l-l— ——

‘o Pcue2 eo2

15

~ where & is the surface area of’the cone ami is given by

A= = ab2/sin he

if ;<< 1. From equations (12) and (13),

(13)

[(l+ho2 l-~

)1

?C ~b2
Cos kc -~ tanhceT!ctanAc=~~ (14)

%% o

If the boundsry-layer thickness on the projecting rod remains thin
relative to the rod diameter, then the two-dimensional skin-friction
formulas should be adequate for calculating eo2. Thus, for 50<e a,

or

2 -l/q
s 2ycaZ

‘o ~ k(@R2

Now let p be the ratio of TC to the shear force per unit area on a

flat plate T p and assume, as in the two-dimensional case, that Tp is

approMmately eq~ to the shesr stress at x = Z. Then

= PTp =ppu 2 k(@Rz
-l/q

‘c 00

and equation (14) becomes

(15)
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Because

Z= L- 11Ctn &

equation (15) can be written as

The value of h02 in Tc
form factor for 80 <<a

NAOA TN 241S

(16)

becomes appro-tely the two-dimensional
since

.

.

h2;2fla~t-%)wb:=ho

0 ,.a~~l-:)w=’”

For a given ratio of rod ratius to nose radius a/b, equation (16)
expresses the variation of b/L with cone angle and Mach nuxriberwhen
the boundary layer on the rod is entirely lsminar or turbulent.
Unfortunately, the magnitude of ~ is as yet-unknown except for the
case of laminar flow without initial boundary layer. It therel?ore
seems advisable to mostnone further discussion of equation (16) until
a theoretical or

Most of the

. . .-
experimentalbasis for estimating 13 becomes available.

Effect of Nose Shape

preceding discussions have assumed that the body has a
flat nose or at least a sharp corner where the dead-air region terminates.
For this type of body (wedge or cone) it is to be expected that the
angle of the nose would have little effect on the shape of the dead-air
region as long as the wedge or cone angle of the body i~ considerably
greater than the wedge or cone angle of the dead-air region. Evidence
to substantiate this expectation is given in reference 4, where wedges
with half-angles from 14° to 90° were placed on the floor of a tunnel

3

operating at a Mach number of 2.4. It is concluded in reference 4 tkt
the foremost shock angle is approximately independent of wedge angle and

—.

that consequently the separation angle should be chiefly a function of
\

Mach nuniberand Reynolds number.
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. For bodies with curved noses, the point of contact of the dead-air
boundary with the body should be the point where the slope of the body
is equal to the slope of the dead-air boundary (see fig. n). For the
particular case of a circular nose, .-.-

8

u

so that, for the

which determines

b=

two-dimensional

r
-m
L

r cos A (17)

case, equation (10) becomes

II

the separation angle as a function of the radius of
the nose. If the nose is noncircular and if the equation of tti-nose
contour is

Y = f(x)

then b is the value of y for which

Supersonic Diffusion by Means of

Because the dead-air region ahead

y’ = tan L

Boundsry-Layer Separation

of blunt bodies tends to form a
wedge or a cone for a range of values of b/L, it is feasible to form
a supersonic inlet by placing a cowling sround a configuration such as
that shown in figure 11. Such an inlet should yield pressure recoveries
that differ little from those obtained with inlets using solid cones or
wedges as long as the mass flow into the itiet is the maximum possible.
When the mass flow is reduced, this type of inlet may have lower
additive drag due to spillage than the solid-body inlet, because the
dead-air region will not support the pressure gradient across a strong
detached shock wave. Consequently, the size and angle of the dead-air
region should change as the mass flow is reduced. It remains to be
demonstrated whether the separation inlet can be stable under reduced
mass flow conditions.

CONCLUDING REMARKS

An analysis of supersonic flow against blunt bodies located in
boundary layers dr wakes indicates that wedge-type or conical-type dead-
air regions occur only ovcw a limited range of body thicknesses relative
to the initial boundary layer or wake thickness. For the particul= case
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of two-dimensionalblunt bodies mounted on a flat plate, quantitative
a@eement between predicted and experimental wedge-separation angles
was obtained in this range of body thicknesses when the change in
momentum thickness along the dead-air region was assumed to be equal to
that which would be obtained if a solid wedge replaced the dead-air
region. When the body thickness approached the maximum for which wedge-
type separation was possible, unsteady flow”was observed. For body
thicknesses of the same order as the initial boundary layer thickness,
shock angles larger than those predicted were obtained. This discrep-
ancy was attributed to neglect of boundary-layer - shock-wave interaction
in the analysis.

For low supersonic Mach numbers, the two-dimensional analysis
indicated thst the simple wedge-shaped dead-air region can exist-only
for body thicknesses that are of the ssme order of thickness as the
initial boundary layer. For such bodies, however, details of the shock -
boundary-layer interaction, which were neglected in the analysis, became
important. The analysis given herein should therefore be of interest
chiefly at high Mach numbers, where the cone or wedge-type separation
can exist for bodies that sre relatively thick compared tith the initial
boundsry layer.

The unsteady flow observed when the body thickness approached the
maximum possible thickness for wedge-type separation may result because
two types of configuration sre possible. A detached bow shock could
form or the separation could extend to the origin of the boundary layer.
Exper&ntal values of mean pressures near the nose of the body indicate
that the latter configurationmay predominate for body thicknesses
sufficiently large relative to the length of the plate upstream of the
bo~, but no steady configurations of either type were observed.

The analysis developed for wedge-type dead-air regions was also
applied to cotical dead-air regions ahead of axially symmetric bodies,
but for this case quantitative estimates must await theoretical or
experimental determination of the skin friction on cones in the pressure
of an initial boundary layer at supersonic speeds.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,

Cleveland, Ohio, May 2, 1951.

.

.
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

mea

radius of rod ahead of axially sy?mnetricblunt body

thickness of two-dimensional body or radius of axially
symmetric body at point of contact with dead-air region

form factor, 5*/e

function of ~ which when multiplied by R
-l/q ~-

friction drag coefficient

distance in x-tiection from start of boundary layer to point
of body where thickness or radius is b

distance from start of boundary layer to beginning of dead-air
region

Mach ntier

powff-law profile parameter for turbulent boundary layer,
assumed equal to 7

P -1
~

pressure coefficient,—
$ @

Prandtl nuniber

static pressure

function of ~ and A defined by equation (3)

function of ~ and & defined by equation (12)

Reynolds nuniber,based on distance given by subscripts

radius of nose of circular-nosed bodies

distance normal to cone or wedge sur~ace

function of ~ and ~ definedby equation (6)

function of ~ and ~ defined by equation (14)
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u local velocity

.

.

x distance in free-stresm direction

distance hor?&l to free-stresm direction

ratio of specific heats

boundary-layer thickness

displacement thickness of boundary layer

factor of proportionality between change in e on flat
plate and along dead-air region

~ ‘power

P shock

h angle

T shear

perameter in skin-friction laws

angle resulting froIudead-air region

of boundary of dead-air region

stress

N
. .G

m

.

e momentum thickness of boundary layer ●

P density

P ratio

Subscripts:

of-skin friction on cone to skin friction on wedge

av average

o conditions

1 contiti.ons
dead-air

c conditions
dead-air

P flat-plate

ahead of dead-air region

downstream of shock or at downstream end of
region

on surface of cone used to replace conical
region

value .-..

la ls.zuinarvalue

Max

t turbulent value

Primes denote differentiationwith respect to x

a

.
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(see

and

The general equation
equation (6)):

SEPARATION WEDGE

for evaluating the separation angle is

Q. 1

—b=T tan AC eO

It is desired to compsre the values of b
A (or ~ and ~) under two assumptions:

(Bl)

obtained for a given T

(1) Laarhmr flow on plate and on replacing wedge

(2) Lsminar flow on plate and turbulent flow on replacing wedge

If vslues correspondi~ to assumptions (1) and (2) are identified with
subscripts 1 and-2, respectivel.y~the fofiowi~-relation applies for
given ~ and h:

or

(B2)

1
NOW (eo’/eo; =~ from equation (8) of the text. In the quantity

(eo’/eo)2#e;is ;he momentum thicbess corresponding to a lsmim run

of distance 22, whereas O.’

corresponding to the momentum

is the turbulent friction coefficient

t~-ss e . Thus,
0

-1/2
=~Z’kR

,-1/7=~z,e
001= 902 = 2Z2kZaRZ2 62 t 22 6 2“ 02‘
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where
actual

NACA TN 241,8

X2‘ is the equivalent turbulent run required to build up the
momentum thickness e . From these equations,

o

(-)90 ‘
6

‘o 2
“~

and

22’ 12 ‘2aRZ2
-1/2

%2
-1/2

12 ‘Za

‘2
—=T~ =’..- ,

or

(22’ = 22 *>R ‘5/14

)

7/6

t ‘2

Equation (B2) now becomes

To estimate the magnitude
(2), assume that kZa/kt

of the difference resulting from cases (1) and
is nesrly independent of Mach number and has

the incompressiblevalue4

‘2a 1.328
— = 101.3 !=lcn

‘= 0.0131‘t

Then

(B4)

%evalue of kz~~ obtained for ~= 1.9 from equations in refer-

ences 1 and 2 is 103.2 for the Reynolds nuniberof the tests reported
herein.
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If the models sxe placed
the plate, equation (B4)

23

at the distance L from the leting edge of
becomes

b2/L 235 bl/L

[.-:ctn~”584=’:”’’’1 -~ctnL (B5)

From equation (B5), b2/L can be calculated from bl/L for anY value

of ~ and k. As might be expected, the vsriation of b2/L with i

or Q is no longer independent of Reynolds nuuiber. Values of b/L
obtained from equation (B5) for two values of L axe compared with the
purely lsmhar values in figure 9.
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APPENDIX c A

COMPUTATION OF SEPARATION ANGLE W5N UPS’lREAMBOUNDARY

LAYER IS PARTLY IAMIMAR —

The extent of the lsminar region before transition influences the
separation angle through the magnitude of O., which is proportional to t

the integrated friction drag up to the separationpoint. The separation
a
b

angle can be calculated as function of b/L for this ease if the
transition is assumed to occur at a definite point, x = 21> and if the

value of e at this point can be estimated. For the present purpose,
it is assumed that the jump in e at ‘1 is one-half the difference

between the value of e obtained with the turbulent equation and the
value of 0 obtained with the laminar equation. This assumption
represents a compromise between two conventional assun@ions} namely,
that there is no discontinuity in e at a transition point or that the
juq in e at the transition point is such that the values of e beyond
the transition point are the ssme as they wouldbe with turbulent flow .

from the leading edge. The relative magnitudes of ‘o
resulting from

these two assumptions me indicated in the following sketch. The com-
promise values used shouldbe adequate for estimating the magnitude of

.

the effect of a partly laminar boundary layer.

Equation

—Laminar Values of Qo’

I

-— —Turbulent Completely turbulent+~ flow
I __ -— — ———
1/--

,/q /_.---— I——- ~ompromise

t’f–y r ~__.——1—No jump in e at

/’ /-”- 1
transition

Q /
/ I

&———— 2~~ 22 ~

With this assumption the equation for eO can be

x~

written:

1‘1

( )J22

e. ~ -1/2 ~+ 1 ‘1/7 -k R -1/2 ~ -1/7 ~ “
‘2aRx ~ 21 %%1 Za 21 ‘tRx

o ‘1 w.

(

-1/2

)

-1/7
~ kZaRzl -~kR 1/7 +~ZkR

=212 3tz1 62tZ2
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Since

eo’ = ~RZ2
-1/7

.

equation (6) in the text becomes

25

(cl)

To conqyire the values of b obtained from equation (Cl) with those
obtained for completely turbulent flow, let T tan h (or ~ and h)
remain the same for both cases. If values corresponding to completely
turbulent flow me denotedby the subscript a and those for pertly
lsminar flowby subscript f3,

[)

OO’b

‘o P ueo’b 6 ba=
T

Oa
‘“75

(C2)

After some algebraic manipulation, equations (Cl) and (C2) result in the
following equation:

(b/Zd@ ()6b
7

(J’(

‘7T (C3)

‘1

)

2a

~ -5pl - ; 7150 Rzl ‘z
—

where ‘Za/~ has been taken equal to 100, as in appendix B. Because

Z2=L- b ctn~, equation (3) can also be written

This equation can be solved for (b/L]~ by trial-when Z1 and the
Reynolds nwber are known since (b/L)a as a function of A is known

from computations for the case of completely turbulent boundsry layers. --
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In figure 9, the vsriation of b/L tith ~ from equation (C4) for a
3/4-inch lsminsr run before transition is compared with the variation
for completely turbulent flow and with experimentalresults.

●
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Figure 6. - Experimental and empirical boundary-layer parameters for flat plate
usecl in tests. Artificial transition; free-stream Mach number Mo, 1.88.
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(a) Free-streemMsch number ~, 1.84;

b, : inch; L, + hches; artificial

trsasition.

(c) Free-streamMach number ~, 1.84;

b, 1 inch; L, E$ inches; ertiftcial

transition.

(b) Free-stream Mach number~, 1.84;

b, + inch; L, E$ inches; artlftcial

trsmition.

(d) Free-streemMach rnunber~, 1.84;

b, 1$ inches;L, .+ inches; extificial.

transition.

(e) Free-stream Mach number ~, 1.84;

b> + tich; L, 5+ iIldES; artificial

tr~ition.

(f: I?ye-atresm Mach number ~, 1.87;

, ~ inch; L, ~ inches; natural

trsnsition.
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Figure 7. - Schlierenphotographsof flew againstrectaguler rda mounted on flat plate.
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(a) O< b/L<o.05.

/

(c) 0.13< b/L<tan-1 ~ux (unsteady,flow).

-- —--- -—

(b)0.05<b/L<0,13.

(d) tan-l A ~x<blL< -.

.

.

Figure 10. - Observed and probable flow r6gimes for”various ranges bf bcdy
thickness ratio. i?ree-stre~ Mach number MO) approximately 1.9.



NACA TN 2418 39

*

.

Figure 11. - Reductionof drag of thickbodiesbY
layer.
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Figure12. - Sketch for analysis of axially synnuekricflow against blunt
bodies with initial boundary layer.
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